LRC stem cells (Willemsen et al., 2008) . The fez-2 mutant, resulting from the loss of function 2008; Bennett et al., 2014) . SMB prevents the division of the differentiating root cap daughter 1 0 6 cells and promotes their differentiation. Additional COL and LRC cell layers are observed in 1 0 7 the smb-3 loss-of-function mutant and the outer LRC cell layer reaches the end of the 1 0 8 elongation zone (Willemsen et al., 2008; Bennett et al., 2010) . The objective of our study is to investigate the role of the structure of the root cap in the 1 1 0 establishment of root responses to medium strength. We hypothesized that pointed caps 1 1 1 facilitated root penetration and blunted or domed caps complicated root penetration. We 1 1 2 studied the root response to medium strength through the fez-2 and smb-3 Arabidopsis 1 1 3 thaliana mutant lines because of their contrasted cap structure. We characterized the root tip 1 1 4 morphology of fez-2 and smb-3 mutants to understand whether the loss or the gain of root cap 1 1 5 cell layers impacted root tip size and shape. Then, Col-0, fez-2 and smb-3 roots were grown in Growth media containing from 0.2% to 1.2% (w/v) of Phytagel were poured into 10 mm thick 1 5 2 Petri dishes. Then, 20x20x10 mm 3 Phytagel samples were cut and placed in a universal 1 5 3 testing device (Instron 5565). A uniaxial compressive load was applied on the surface of the 1A). A 100 N load cell recorded the force needed to deform the samples. After a typical 1 5 6 contact step, the loading force increased with compression of the sample, before decreasing 1 5 7 notably with the slipping or the rupture of the sample. Real-time load and displacement 1 5 8 recordings provided the characteristic mechanical stress-strain curves (Fig. 1B ). In the linear 1 5 9 portion of the curve, i.e. when stress is proportional to strain, deformation is considered to be 1 6 0 elastic (Schiavi et al., 2016) . In this range, the elastic modulus (E) value of the Phytagel 
and F is the compression force (N), A is the surface area of the cross-section of the sample 1 6 6 (m 2 ) on which the force is applied, l 0 is the initial thickness of the sample (m), Δ l is the 1 6 7 variation of this thickness, i.e. displacement of the plate (m). Compressive tests were repeated Penetration tests were conducted in 0.2/0.2, 0.2/0.3 and 0.2/0.5 two-layer media. The Phytagel 1 7 1 medium samples were prepared in the same culture chambers used for root growth. A 2.5 mm 1 7 2 diameter needle was attached to a load cell (Instron, 100 N max) and moved downward into Root tip shape and determination of Sharpness Index 1 7 7 5-day-old primary roots of the Arabidopsis thaliana Col-0, fez-2 and smb-3 lines, growing in 1 7 8 a 0.2% one-layer medium were extracted from the medium and placed on a microscope slide. The root tips were stained with 10 µg.ml -1 propidium iodide (PI, Sigma Aldrich, St-Louis, (v1.52d, http://imagej. nih.gov/ij/) ( Fig. 2 ). An inverse Sharpness Index (iSI) of the root tip 1 8 7 was calculated according to the following equation:
The closer iSI is to 0, the more the root tip is pointed. Conversely, the closer SI is to 1, the 1 9 0 more the root tip has a rectangular shape.
The maximal axial force the roots were able to exert on the two-layer medium interface before 2 0 2 reorientation of the root tip was estimated for Col-0, fez-2 and smb-3 roots grown in 0.2/0.3 2 0 3 medium. After contact between the root tip and the interface, root tip growth induced the 2 0 4 deflection of this interface until the root curved or root tip deviated. The shape of the interface 2 0 5 just before root tip reorientation was traced using ImageJ software and the maximal deflection force before root reorientation F crit applied on the surface by the root tip was then estimated 2 0 9
using the theory of elastic contact between a sphere and a half-space medium (Hanaor et al.,
and E1, E2 are the elastic moduli of the lower medium layer and of the root tip respectively, that E 2 was much larger than E 1 , the second part of the equation was neglected while the value Root growth and orientation were time-lapsed 5 days after sowing. Two Nikon D7100 2 1 8 cameras equipped with macro lenses (AF-S micro NIKKOR 60mm f/2.8G ED) and controlled 2 1 9
by DigiCamControl software, were placed on a rack in front of the culture chambers. Images 2 2 0 of the roots growing in the two-layer media were recorded every 5 min for at least 24 hours. used to measure root length and root tip angle over time (Fig. S3 ). These data were used to (ANOVA) or two-way ANOVA were applied on the data, to determine whether the effect of 2 4 7 each factor was significant. When significant differences were observed, post-hoc analyses 2 4 8
based on the Tukey test were applied on the data. The elastic modulus E, obtained from the compressive tests, was measured for Phytagel 2 5 3 concentrations ranging from 0.2 to 1.2% (Fig. 3A, B) . The 0.2%, 0.3%, 0.5% and 1.2% 2 5 4
Phytagel growth media showed E values of 3.1 ± 0.2 kPa, 7.6 ± 1.4 kPa, 31.9 ± 6.6 kPa and 2 5 5
158.3 ± 18.3 kPa, respectively (Fig. 3B) . The data showed that E was highly dependent on the 2 5 6
Phytagel concentration. medium and 0.11 ± 0.02 N in the 0.2/0.5 medium (Fig. 3D) . Thus, the maximal strength show that the maximal strength of the two-layer interface increased with the Phytagel 2 6 8 concentration of the lower layer. that fez-2 root cap was shorter and narrower at the base, whereas smb-3 root cap was longer 2 7 5
and larger at the base compared to the wild-type root cap (Fig. 4D, Fig. 4E ). However, mean 2 7 6 root diameter measured at 500 µm from the root tip, was not significantly different between 2 7 7 fez-2, smb-3 and wild-type roots (Fig. S4) . Estimation of the inverse Sharpness Index (iSI), of 2 7 8 0.30 ± 0.07 in fez-2 roots and of 0.41 ± 0.06 in wild-type roots, indicated that fez-2 root tips 2 7 9
were significantly more pointed than wild-type root tips (Fig. 4F ). On the contrary, the iSI of 2 8 0 the smb-3 root tips was around 0.5 ± 0.13, illustrating a more rectangular shape (Fig. 4F ). Our 2 8 1 morphological characterizations indicated that fez-2 and smb-3 mutations altered the root cap 2 8 2 size and shape in Arabidopsis thaliana primary roots. Moreover, the distinct root cap structure 2 8 3 of the two mutant lines will make it possible to study the role of root cap shape in root 2 8 4 responses to medium strength. From a kinematic analysis, the mean growth zone length, from the quiescent centre to the end step-like shape even when they experienced the weakest increase in medium strength. This 5 0 0 suggests that the low resistance of fez-2 roots to buckling did not allow them to apply the 5 0 1 mechanical stress that is required to break the interface, while it did not prevent root tip 5 0 2 deviation. On the contrary, the higher buckling resistance of smb-3 roots allowed them to 5 0 3 apply more axial stress on the lower layer surface and thus to penetrate the strongest layers and smb-3 lines at 500 µm from the root tip extremity. Table S1 . Characteristics of the initiation of zones of curvature after contact with the interface 5 Col-0 100.00 ± 0.00 a 60.00 ± 3.65 c 1.67 ± 1.67 e fez-2 83.33 ± 4.94 b 28.33 ± 3.07 d 0.00 ± 0.00 e smb-3 100.00 ± 0.00 a 80.00 ± 5.16 b 18.33 ± 4.77 d Table 1 . Penetration ability of Arabidopsis thaliana wild-type (Col-O), fez-2, and smb-3 primary roots in two-layer media. 
